observed to decrease, with strain softening becoming dominant at temperatures of 900 °C and higher. Moreover, comparing the high strain rate stress versus strain data gathered on HSLA 65 in the current investigation with those available in the literature at quasi-static strain rates, strain-rate hardening can be inferred. The flow stress increases from 700 MPa at 8 × 10 −4 /s to 950 MPa at 1450/s and then to 1000 MPa at 2100/s at a strain of 0.1. Optical microscopy is used to understand evolution of microstructure in the posttest samples at the various test temperatures employed in the present study.
Introduction
Naval ships are subjected to a wide range of loads; these can be wave slam impact loading, aircraft/helo-landing, cargo buoyancy, weapons reactions, as well as extreme thermal conditions, such as, frigid arctic waters. These severe loading environments demand that the materials used in ship hull construction have high-strength and toughness. For these reasons, the United States Navy has introduced high strength low alloy (HSLA) steels in the construction of ship hulls since the 1980s. These HSLA steels have a relatively excellent strength to weight ratio, and contain low amounts of alloying elements like vanadium, titanium, and chromium.
More recently, HSLA-65 steel (ASTM A945) has been chosen to replace other relatively higher strength HSLA steels, such as DH-36, in ship hull construction [1] . It has been shown that HSLA-65 steel can be welded with the same procedure and consumables as was previously used Abstract In the present study, the dynamic response of a high-strength, low alloy Grade 65 (HSLA-65) steel, used by the United States Navy for ship hull construction, is investigated under dynamic uniaxial compression at temperatures ranging from room temperature to 1000 °C using a novel elevated temperature split-Hopkinson pressure bar. These experiments are designed to probe the dynamic response of HSLA-65 steel in its single α-ferrite phase, mixed α + γ-austenite phase, and the single γ-austenite phase, as a function of temperature. The investigation is conducted at two different average strain rates-1450 and 2100/s. The experimental results indicate that at test temperatures in the range from room temperature to lower than 600 °C, i.e. prior to the development of the mixed α + γ phase, a net softening in flow strength is observed at all levels of plastic strain with increase in test temperatures. As the test temperatures are increased, the rate of this strain softening with temperature is observed to decrease, and at 600 °C the trend reverses itself resulting in an increase in flow stress at all strains tested. This increase in flow stress is understood be due to dynamic strain aging, where solute atoms play a distinctive role in hindering dislocation motion. At 800 °C, a (sharp) drop in the flow stress, equivalent to one-half of its value at room temperature, is observed. As the test temperature are increased to 900 and 1000 °C, further drop in flow stress are observed at all plastic strain levels. In addition, strain hardening in flow stress is observed at all test temperatures up to 600 °C; beyond 800 °C the rate of strain hardening is for HSS (DH-36) steel, namely Friction Stir Welding (FSW) [2] . The loads acting on the work-piece material during FSW are dynamic and thermo-mechanical in nature, i.e. the material experiences high strain-rates and high transient temperatures. The strain-rates vary with the rotating speed of the welding tool and may reach 1000/s, with temperatures exceeding 1200 °C [3] . The current investigation is especially motivated by the need for better understanding the dynamic response of HSLA-65 steel as a function of strain rate and temperature, which will aid in the development of constitutive models for this material. These constitutive models can then be used to carry out finite element of the FSW process involving HSLA-65 steel, there by providing estimates for optimum welding parameters to obtain high quality welds.
HSLA-65 steel with its low carbon content can be categorized as a ferritic steel and manifests a body-centered cubic (BCC) crystal structure under ambient temperatures. It is well understood that the mechanical behavior of BCC metals is highly sensitive to applied plastic strain-rates, alloying content, and temperatures [4] [5] [6] [7] [8] [9] [10] . Hence, an understanding of the mechanical behavior of HSLA-65 steel under high strain-rate loading and elevated temperatures is required to thoroughly understand the resultant mechanical properties of the work-piece post-FSW.
The ASTM designation of HSLA-65 steel is A945 Grade 65. The minimum yield strength of HSLA-65 is 517 MPa with tensile strength in the range 550-700 MPa. The ASTM A945 specification [11] provides ranges and limits for the chemical composition (by wt%) of HSLA-65 steel plates, as shown in Table 1 . Also shown in Table 1 (column 3) is the composition of the HSLA-65 steel used in the present investigation.
In the past, several studies have been conducted to characterize the mechanical response of HSLA-65 steel at strain-rates ranging from 0.1 to 10 3 /s and at temperatures ranging from 23 to 1000 °C [12] [13] [14] [15] . At low to intermediate strain-rates, monotonically decreasing flow stress with increasing temperatures has been observed for the α-ferrite phase, followed by a stabilized net strength with temperature in the α + γ-austenite phase region [12] . Gokyu et al.
[13] noticed an increase in the flow stress of the α + γ phase when compared to the α phase at 0.1-1/s strainrates. Saito et al. [14] , observed higher flow stresses in the γ phase when compared to the steel in the α region at 1/s. This variance in rate sensitivity in the α region when compared to the α + γ region shows the importance of the contribution of the γ phase on the observed macroscopic response, and suggests that the γ phase may show higher strength when compared to the α phase but with lower rate sensitivity. Similar observations have also been made by Nemat-Nasser et al. [15] at strain-rates up to 10 3 /s and temperatures up to 727 °C, which probed the mechanical response of HSLA 65 in the α phase region (23-640 °C), and the α + γ mixed region (640-727 °C). However, in order to better understand the contribution of the γ phase on the macroscopic response of HSLA 65 steel, studies at similar strain-rates but higher temperatures are necessary.
In the present study, a series of split-Hopkinson pressure bar (SHPB) experiments are utilized to probe the dynamic response of HSLA 65 steel at intermediate strainrates (~10 3 /s) and temperatures in the range from room temperature to 1000 °C. As seen in column 2 of Table 1 , HSLA-65 steel has a maximum allowable carbon content of 0.1%. The iron-carbon phase diagram [16] indicates that bcc-Fe is the equilibrium phase at room temperature. The current experiments are designed strategically to probe the dynamic response of HSLA-65 steel in the single α-ferrite phase, α + γ-austenite mixed phase, and the single γ-austenite phase, as a function of temperature. The dynamic stress versus strain curves for HSLA-65 steel for various combinations of temperatures and strain-rates are expected to aid in the development of validated constitutive models for the material. It is to be noted that the HSLA-65 steel employed in the present study has a higher strength compared to the HSLA-65 steel tested by NematNasser et al. [15] due to variations in the composition of the alloying elements added. A description of the experimental approach used in the present study is detailed in "Experimental Procedures" section, and the experimental results are provided in "Results and Discussion" section. Lastly, the results of the study are discussed and summarized in the "Summary and Acknowledgements" sections, respectively. 
Experimental Procedures

Materials and Specimens
Cylindrical disk-shaped specimens were machined from HSLA-65 steel plates, supplied to the authors by the US Navy. The major alloying content (by wt%) of the HSLA-65 steel used in the present study is provided in column 3 of Table 1 . The plates were first machined into cylindrical bars of diameter 4 mm and length of about 70 mm. The bars were then placed in a copper sleeve and then machined along with the sleeve using a low speed saw to disk shaped samples of length 2.3 mm. Next, the samples are lapped using a Lapmaster model LAP5DIAP-M18P001 lapping machine with 15 µm diamond slurry, and then polished via a Kemet model ASF-AW polishing machine with 3 µm grade diamond paste to improve the overall surface quality so as to reduce friction between the specimen (disk) faces and the bar ends during dynamic compression. Lapping was carried out with a strategically designed fixture in order to ensure parallelism of the specimen faces to a tolerance of approximately 25.4 µm. The resultant length of the specimens after these specimen preparation steps is about 2 mm.
Split-Hopkinson Pressure Bar (SHPB) Experimental Configuration
A split-Hopkinson pressure bar (SHPB) at Case Western Reserve University serves as the primary experimental tool for the current investigation. The schematic of the SHPB facility is shown in Fig. 1 [17 -20] . The SHPB consists of an incident bar, transmission bar, and a striker bar-all made from maraging steel with a nominal yield strength of 2500 MPa. All the three bars are 19.5 mm in diameter, with lengths of 1.6, 1.5, and 0.5 m for the incident, transmission, and striker bars, respectively. The striker bar is accelerated down the SHPB gun barrel to impact the incident bar by means of pressurized nitrogen gas. At impact, a longitudinal compressive stress wave (incident pulse) travels through the incident bar and reaches the specimen placed between the incident and transmission bars. At the specimen interface, a portion of the incident pulse is reflected backwards into the incident bar as a tensile stress wave (reflected pulse), whereas the remainder travels through the specimen into the transmission bar (transmission pulse). The surfaces of the incident and transmission bars are aligned prior to each experiment so as to ensure that they were parallel and concentric to each other. In order to acquire data, a pair of semiconductor strain gages (Vishay Micro Measurements, model SR-4) are attached on the incident and transmission bars at diametrically opposite position to each other to reduce the effects of bending, and are used in combination with a Wheatstone bridge, a signal amplifier (Tektronix 5A22N) and a high bandwidth oscilloscope (Tektronix 680C). By acquiring the corresponding incident, I , reflected, r , and transmitted, t , strain pulses, and using fundamental wave theory for elastic bars it is possible to calculate the state of stress, strain-rate and strain in the sample post-equilibrium, using [21] [22] [23] where A B and E B are the cross-sectional area and the Young's modulus of the bar, A o is the nominal cross-sectional area of the specimen. Integrating Eq. (1) over the pulse width yields where l o is the nominal length of the specimen, and C o is the speed of elastic wave propagation of the bars. Finally, Eqs. (1), (2), and (3), can be used to determine the strain, strain-rate, and uniform stress histories in the steel samples.
In all experiments, a square shaped copper pulse shaper is used on the impact end of the incident bar [24] [25] [26] [27] . The pulse shaper helps in maintaining a constant strain rate during the experiment and also reduces wave dispersion. The dimensions of the pulse shaper used were 10 mm × 10 mm × 0.2 mm in length, width, and thickness, respectively.
High Temperature SHPB Experiments
To conduct the elevated temperature SHPB experiments on the HSLA-65 steel specimens, an experimental methodology similar to that detailed in Shazly et al. [19] was utilized. In their approach, the specimen to be tested at elevated temperatures, was sandwiched between two thin tungsten carbide (WC) disk inserts custom designed to have the same longitudinal impedance as the maraging steel incident and transmission bars; by bringing the bars in contact with the tungsten carbide inserts, and firing the SHPB momentarily after the desired specimen temperature is reached, it is possible to maintain a virtually uniform temperature profile within the specimen. Moreover, using this approach, heat flow (loss) into bars can be minimized, thus avoiding the need for corrections to account for the change in impedance of the bars while monitoring strain, strain-rate, and stress histories within the specimen.
The elevated temperature SHPB setup developed by Shazly et al. [19] was further refined in the current set of experiments. A schematic of the heating fixture used in the current investigation is shown in Fig. 2a . An ultra-fine threaded screw ensures accurate adjustments of the height of the specimen, held by a custom T-shaped copper tube. A thin nickel chromium wire of ~0.4 mm diameter is bent into a loop to hold the specimen. This wire is spot welded on the upper portion of the screw. The WC inserts sandwiching the specimen are slip fit into a copper tube, which is placed on the steel holder. A thin coating of boron nitride (high temperature lubricant) was applied between the specimen and WC inserts as well as between the WC inserts and the incident and transmission bars to reduce the effects of friction due to radial expansion of the specimen and/or WC inserts during the experiment. The copper tube is used to keep both the inserts aligned axially. Two through-holes are drilled in the tube. The vertical hole is used to make space for the looped wire holding the specimen, and the horizontal hole is used to allow penetration of the infrared radiation from a spot heater into the tube towards the specimen. The holes are also utilized for visual alignment of the specimen. The copper tube is placed into a horizontal semicircular socket machined on the steel holder; this socket is designed to minimize the contact area between the tube and steel holder, thus preventing heat-flow out of the specimen (Fig. 2b) . A K-type chromel-alumel thermocouple is spot welded to the edge of the WC insert, which is carefully calibrated in order to monitor sample temperature during the experiment.
The tungsten carbide (WC) inserts, used to sandwich the heated specimens, were procured from General Carbide. The diameter of the WC inserts was chosen to be 12.7 mm so as to ensure that the longitudinal impedance of the WC inserts is equal to that of the maraging steel bars. The faces of the inserts were lapped and polished to a flatness tolerance of 2.54 µm. In addition, two steel inserts, 5 mm in length and diameter equal to that of the incident and transmission bars, were attached to the end faces of the bar ends using adhesive tape around the bars. The steel inserts were used to prevent damage to the split Hopkinson pressure bar end faces during the elevated temperature experiment due to contact with the heated WC inserts. The interface between the steel inserts and bars was carefully inspected for the presence of any gaps, which would cause reflection of the stress pulses and thus affect the results. The steel inserts were also lapped and polished to a tolerance of 25.4 µm after each experiment.
Experiments up to 800 °C were successfully conducted via spot heaters using the heating setup as described in the previous paragraphs. The infrared heating set-up is shown in Fig. 3a . However, the capacity of heaters was found to be insufficient for temperatures greater than 800 °C. Hence in order to attain temperatures above 800 °C, the specimens were heated via an induction coil using a water cooled Huttinger TIG 10/100 RF generator. This generator uses a 3-phase 230 V power line and delivers a maximum power of 10 kW at 100 kHz. The experimental configuration is shown schematically in Fig. 3b . A copper tube with an inside diameter 3.15 mm and outside diameter 4.76 mm was used to construct the induction coil. The induction coil was found to be sufficiently capable of temperatures upwards of 1200 °C. The copper tubes were covered with Kapton tape before being wound into induction heating coils, which is an electrically insulating, thus preventing a short circuit.
Results and Discussion
Results from Dynamic Compression Experiments
In the present study, a total of 14 SHPB experiments were conducted on HSLA 65 steel at strain-rates ranging from 1250 to 2500/s and temperatures in the range from room temperature to 1000 °C. Figures 4 and 5 show the true stress versus strain curves obtained from these experiments. The average strain rate of all tests in the first series of experiments was approximately 1450/s (Fig. 4) , while the average strain rate in the second series was ~2100/s (Fig. 5) . For both sets of experiments, the flow stress levels of HSLA-65 steel at all levels of plastic strain gradually decrease as the test temperatures are increased from room temperature to 400 °C. The fall in flow stress at the end of the stress versus strain curves indicates the end of the experiment due to the finite duration of the stress pulse. Also, the curves indicate a moderate level of strain hardening. However, as the test temperatures approach 625 °C, a reversal in this trend is observed and the flow stress increases above that obtained at test temperatures up to 400 °C at all strains. Similar results have been reported by Nemat-Nasser et al. [15] on a slightly different composition of HSLA steel. They attributed this effect to dynamic strain ageing, where the solute atoms within the material gain sufficient mobility to diffuse in the path of dislocations and interfere with dislocation motion [28, 29] . At test temperatures in the range 800-1000 °C thermal softening is observed to dominate resulting in a sharp fall in flow stress. An interesting feature in the highest test temperature experiments (900-1000 °C) is the manifestation Fig. 3 a Shows a schematic of the experimental configuration for heating samples to temperatures of up to 800 °C with a IR spot heater, while b shows the experimental configuration used for temperatures greater than 800 °C where an induction heating element is used of strain-softening, which was not observed at the lower test temperatures. It is to be noted that in these latter experiments (900 and 1000 °C), severe oxidation of the WC inserts was observed, which could have affected the measured dynamic response of the HSAL-65 samples at these temperatures. show the temperatures at which the mixed phase α + γ and the single phase γ are predicated to dominate the microstructure. These estimates of the microstructure are obtained by using the pseudo-binary phase diagrams [3] , which indicate a phase transformation from ferrite to austenite phase in HSLA-65 steels to start somewhere between 670 and 680 °C and end just below 830 °C under equilibrium conditions. The assumption of equilibrium conditions is reasonable in view of the low heating rates (~1 °C/s) that were employed in the present study. Also, the composition of the HSLA-65 steel used in the present investigation is very similar to the Fig. 6 a, b Show the flow stress of HSLA-65 as a function of temperature for strain-rates of approximately 1450 and 2100/s, respectively. Furthermore, these plots show predicated phases present within the material at a given temperature. Initially, in a α region, a gradual decrease in flow stress with temperature is observed, followed by an increase in the flow stress subsequent to a transition into a mixed α + γ region. At the highest test temperatures, lower than expected flow stresses are observed, in a single phase γ region one used by Jason [3] , except for small differences in the amount of chromium and nickel. Chromium is a strong ferrite stabilizer and nickel is a strong austenite stabilizer. This could change, to some extent, the aforementioned inter-critical temperatures to be closer to room temperature than those determined by Jason [3] , i.e. A1 = 670 °C and A3 = 830 °C. Also, it is interesting to note the drastic decrease in the flowstress when the HSLA-65 steel sample temperature enters the α + γ and γ phase regimes. It is generally accepted that the low carbon ferrite phase has a lower flow stress when compared to austenite [30, 31] . This suggests an increase in flow stress of HSLA-65 steel, since the volume fraction of austenite phase increases compared to ferrite as we approach the A3 temperatures. These results are, however, contrary to those obtained by Gokyu and Kihara [13], who conducted intermediate strain rate (~100/s) experiments on steel with varying carbon content at test temperatures ranging from room temperature to 1000 °C. By comparing their results to those obtained at lower strain rates of 0.4 and 3/s, they reported an increase in flow stress in the ferrite-austenite transformation region compared to ferrite at strain rates of ~0.4 and 3/s, but no increase at higher strain rates of 100/s. In addition, they reported a higher strain rate sensitivity of steels in the excess ferrite phase when compared to the austenite. Based on these results, they concluded that since the strain rate sensitivity of ferrite is higher when compared to austenite, the difference in flow stress between the ferrite and austenite phases gradually decreases as the strain rates are increased, and at high strain rates the flow stress of ferrite may exceed that of the austenite phase. Saito [14] also came to similar conclusions from the results of their elevated temperature tension experiments on Si-Mn steel in the inter-critical phase transition region at strain rates from 0.1 to 10/s. They found the flow stress of the ferrite phase to be lower by about 15% compared to that in the austenite region at a strain rate of 2/s. They also found the strain rate exponent in the ferrite to be higher than that in the austenite phase regime. Based on their results, their conclusions were similar to those put forward by Gokyu and Kihara [13] . Moreover, the flow stress of HSLA-65 steel is observed to drop sharply between 800 and 1000 °C, with no noticeable increase in flow stress in the ferrite-austenite transformation region. This response can be attributed to the larger increase in flow stress of the ferrite phase due to its enhanced strain rate sensitivity when compared to that of austenite at the higher strain rates employed in the present study. Figure 7 shows the flow-stress levels at a strain of 0.1 for the HSLA-65 steel at the two different average strain rates (1450 and 2100/s) employed in the present study along with those obtained by Nemat-Nasser et al. [15] at an average strain rate of 3000/s. As can be seen from the figure, the flow stress of the HSLA-65 steel investigated by Nemat-Nasser et al. [15] is lower than that measured for the HSLA-65 steel investigated in the present study. However, the variation in flow stress with temperature reported by Nemat-Nasser et al. [15] at 3000/s is similar to that observed in the present study at 1450 and 2100/s. At elevated strain rates, both steels show a decrease in flow stress at temperatures in the range from room temperature to 400 °C, followed by an increase in flow stress as we approach 600 °C, and then a decrease at temperatures above 600 °C. However, at quasi-static strain rates, the flow stress was observed to remain more or less constant (or increase slightly) between 100 and 400 °C, followed by a decrease beyond 400 °C. Consequently, the region of temperature insensitivity of flow stress is observed to shift to lower temperatures as we move from the high strain rate regime to quasi-static strain rates. This insensitivity of flow stress (or the increase of flow stress) to increase in temperature can be attributed to dynamic strain aging where solute atoms play a distinctive role in hindering dislocation motion, as also discussed by Nemat-Nasser et al. [15] .
Metallographic Observations of Post-test Specimens
In order to better understand the mechanism(s) responsible for the flow behavior of HSLA-65 steel observed at the different strain-rates and test temperatures employed in the study, micro-scale images of test specimens were acquired at sections parallel to the compression axis at the mid-plane of Fig. 7 Compares the data in the flow stress versus temperature plot for HSLA-65 at strain of 0.1 and different applied plastic strain-rates. It is observed that the material increases in strength with strainrate, however, at lower plastic strain-rates, effects from strain ageing can play a role at lower temperatures, showing nearly stabilized net strength at temperatures ranging from approximately 100-420 °C. These results show that interactions between solute atoms and moving dislocations may occur with lower solute mobility at low strain rates pristine and post-test deformed (impacted) specimens. These metallographic sections were made on samples at test temperatures of 400, 600, 800, 1000 °C, in order to determine the changes in microstructure that might have occurred due to dynamic compression and/or high temperature exposure. These sample sections were prepared by metallographically polishing followed by etching using 2% Nital. Figure 8 shows the nine regions on the sample mid-plane cross-section that were analyzed for each sample and designated as a-i. These regions were selected based on the deformation patterns anticipated in these regions based on the large body of work in deformation processing of metallic materials. The pristine sample as well as samples tested at temperatures of 400, 600, 800 and 1000 °C showed distinctive microstructural features, and are discussed below along with their representative optical photographs. Figure 9 shows the etched view of regions a-i from the cross-section of the pristine sample. Closer examination of each region is shown in Fig. 10 ; equiaxed ferrite grains (white) and pearlite, which is the black region between the ferrite grains, can be distinctively observed. Figure 11 shows a low magnification view of the crosssection of the post-test sample dynamically compressed at an average strain rate of 1834/s to a strain of 0.32 at a test temperature of 400 °C. Flow lines, consistent with deformation patterns expected for a right circular cylinder compressed to a strain of 0.32 at elevated temperature, can be clearly seen. Some barrelling is evident, likely due to breakdown of the lubricant at the high strains and temperatures utilized in the experiment. Examination of regions a-i at higher magnification, and a schematic of the metallographic observations are provided in Figs. 12 and 13 , respectively. Closer examination of each region (i.e. a-i) reveals heterogeneous deformation with grain shape anisotropy in regions a, c, e, and g, with relatively equiaxed grains in regions b, d, f, h, and i. There is no evidence of recrystallization or other phase transformations in the microstructure, which is consistent with the test temperature employed in the experiment, which places the specimen in the alpha-iron + pearlite region of the equilibrium phase diagram for a Fe-0.086%C steel. Figure 14 shows a low magnification etched view of the complete cross-section of the sample deformed at 600 °C at strain rate of 2200/s to a strain of 0.32. Flow lines, consistent with the deformation patterns expected for a right circular cylinder compressed to a strain of 0.32 at high temperature, can clearly be observed. Some barrelling is evident, likely due to breakdown of the lubricant at the high strains and temperatures utilized in the experiment. Higher magnification micrographs of regions a-i along with a schematic of the metallographic observations are provided in Figs. 15 and  16 , respectively. Closer examination of each region clearly reveals grain shape anisotropy in regions a, c, e, and g, with relatively equiaxed grains in regions b, d, f, h, and i. These observations are consistent with those expected under the compressed to a strain of 0.4 at elevated temperatures. Also, more extensive barrelling and non-uniform deformation is evident, likely due to breakdown of the lubricant at the high strains and temperatures experienced by the sample in the present test. Higher magnification examination of regions a-i and a schematic of the metallographic observations are provided in Figs. 18 and 19 , respectively. Closer examination of each region and the schematic, reveals relatively equiaxed grains in all the nine regions with a finer grain size than that observed at either 400 or 600 °C. Deformation at 800 °C is expected to occur in the mixed ferrite and austenite region, and cooling slowly to room temperature enables the austenite region to transform back to a ferrite + pearlite microstructure. This is the likely reason for the presence of finer grain size in this sample compared to those tested at either 400 or 600 °C. Figure 20 shows a low magnification etched view of the complete cross-section of the sample deformed at 1000 °C at an average strain rate of 1650/s to a strain of 0.1. Flow lines are not as distinct in this sample, and also the amount It is interesting to note that the deformed microstructure is relatively homogenous in all the nine regions examined. This likely due to the deformation occurring at 1000 °C, followed by slow cooling of the sample to room temperature. It is to be noted that deformation at 1000 °C occurs in the fully austenitic phase, while slow cooling to room temperature enables the austenite phase to transform to ferrite and pearlite. Closer examination of the microstructure in the nine regions reveal relatively equiaxed grains, with the morphology of ferrite being consistent with Widmanstätten ferrite [3] . The formation of the Widmanstätten ferrite morphology is also consistent with peak temperatures in the austenite regime followed by slow cooling. Figure 23 summarizes the relevant microstructural patterns in region e (center of the sample cross-section) of the pristine (room temperature) and post-test specimens tested at 400, 600, 800, and 1000 °C. High magnification images of the pristine samples reveal equiaxed ferrite grains (white) with moderate levels of pearlite (black) between the ferrite grains, whereas images of the deformed specimens subject to temperatures of 400 and 600 °C reveal a similar phase but with columnar grain morphology. The columnar grain morphology is a consequence of the deformation conditions which force the sample material to flow in a direction parallel to the compression axis, resulting in flow lines. Also, there is no evidence of phase transformations at these two test temperatures, which is consistent with our estimation of alpha iron + pearlite region in the equilibrium phase diagram for a Fe-0.086%C steel. Interestingly, images of the test specimens subjected to 800 °C reveal a relatively homogenous microstructure, with no evidence of flow lines. Additionally, these images reveal a finer grain size than that observed for specimens subjected to either 400 or 600 °C. These metallographic observations suggest that at the highest test temperatures employed in the present study, recrystallization and/or phase transformation may have occurred. A slow cooling rate enables the mixed ferrite + austenite phase (prevalent at 800 °C) to transform back to a mixed ferrite + pearlite phase, and manifest itself as changes in the microstructure. Even more interesting is that for specimens subjected to 1000 °C, which shows a markedly different microstructure. This is understood to be because at the higher test temperatures the pre-test austenite grain size is expected to be larger when compared to that observed at 800 °C; consequently, on air cooling (after the test), the austenite phase is transformed to Widmanstätten ferrite instead of the equiaxed ferrite (observed in the case of the 800 °C test). It should be noted that distinct Widmanstätten patterns 
Summary
In the present study, high strain rate response of a highstrength low-alloy Grade 65 (HSLA-65) steel, used by the United States Navy for ship hull construction, is studied under dynamic uniaxial compression at temperatures in the range from room temperature to 1000 °C using a modified elevated temperature split-Hopkinson pressure bar (SHPB) configuration. These experiments are designed to probe the dynamic response of HSLA-65 steel in its single α-ferrite phase, mixed phase α + γ-austenite, and the single γ-austenite phase, as a function of temperature. The investigation is conducted at average strain rates of 1450 and The results indicate that at test temperatures in the range room temperature to lower than 600 °C, i.e. prior to the development of the mixed α + γ phase, a net softening in dynamic flow strength with an increase in temperature, is observed. As test temperatures approach ~600 °C, the rate of strain softening is observed to decrease and the trend even reverses itself resulting in a net increase in flow stress. At 800 °C, a drop in the flow stress (equivalent to half of its value at room temperature) is observed, with further drops at 900 and 1000 °C.
The sudden increase in flow stress at 600 °C is understood be due to dynamic strain aging, where solute atoms play a distinctive role in hindering the dislocation motion. Strain hardening in flow stress is observed at all temperatures up to 600 °C; however, beyond 800 °C, this strain hardening is observed to decrease, with strain softening becoming dominant at temperatures of 900 °C and higher. Moreover, comparing data available at quasi-static strain rates with the SHPB data obtained from the current investigation, it can be concluded that strain rate hardening plays an important role in the material deformation. The flow stress is observed to increase from 700 MPa at 8 × 10 −4 /s to 950 MPa at 1450/s and to 1000 MPa at 2100/s at strain of 0.1. Optical microscopy is used to understand evolution of microstructure in the test samples at the various test temperatures employed in the present study. In particular, at the highest test temperature employed in the present study, i.e. 1000 °C, the pre-test austenite phase is transformed to Widmanstätten ferrite instead of the equiaxed ferrite (observed in the case of the 800 °C test). Widmanstätten patterns have also been observed in various FSW welding zones for HSLA-65 plates, thus probing the mechanical response of the material at these 23 Metallographic observations on region e for the pristine sample and post-test compressed samples obtained from SHPB experiments at high strain-rates and test temperatures ranging from 400 to 1000 °C. No evidence of phase transformations was observed at 400 and 600 °C. However, the finer grain size in the sample tested at temperatures is of critical importance in the understanding of the resultant mechanical properties of the work-piece post-FSW.
